A U-Net is trained to recover acoustic interference striations (AISs) from distorted ones. A random mode-coupling matrix model is introduced to generate a large number of training data quickly, which are used to train the U-Net. The performance of AIS recovery of the U-Net is tested in range-dependent waveguides with nonlinear internal waves (NLIWs). Although the random mode-coupling matrix model is not an accurate physical model, the test results show that the U-Net successfully recovers AISs under different signal-to-noise ratios (SNRs) and different amplitudes and widths of NLIWs for different shapes.
Introduction section
With the development of deep learning (DL), researchers have begun to use DL methods to address underwater acoustic problems, such as source localization [1] [2] [3] [4] [5] [6] and target detection [7] . DL can achieve specific functions by fitting training data. Training data are obtained by either experiments or simulations. In previous DL-related work [3] [4] [5] [6] , only range-independent ocean waveguides were considered during simulations, which is far from the real ocean waveguides in many cases.
It is difficult to prepare training data in range-dependent waveguides.
On the one hand, it is time-consuming to compute the sound field in a range-dependent ocean waveguide. On the other hand, it is difficult to describe different range-dependent waveguides with finite parameters.
For example, even if the range dependence of an ocean waveguide is only caused by a nonlinear internal wave (NLIW), it is difficult to describe all types of NLIWs with finite parameters. Because of the lack of training data, few researchers have used DL to address related problems in range-dependent ocean waveguides.
One of the related problems in range-dependent ocean waveguides is to recover acoustic interference striations (AISs) from distorted ones.
AISs, which are related to waveguide-invariant β in a range-independent background ocean waveguide, have been used in source ranging [8] [9] [10] [11] . If horizontal inhomogeneity is introduced into the background ocean waveguide, for example, range-dependent waveguides with NLIWs, AISs will be distorted due to mode coupling [12, 13] . In contrast to the βdistribution of an AIS, the β distribution of a distorted AIS may have several peaks [13] , which impedes waveguide-invariant related applications. The purpose of AIS recovery is to eliminate the mode-coupling effect caused by the horizontal inhomogeneity and to recover the corresponding AIS from distorted AIS.
Although how an AIS becomes a distorted one by mode coupling has been studied [12, 13] 
Random mode-coupling matrix
The mode-coupling matrix method [16, 17] is used to describe the mode coupling induced by horizontal inhomogeneities in ocean waveguides.
For a receiver located at range r and depth z , the pressure field for a narrowband signal can be expressed in terms of normal modes:
where  is the angular frequency of the source, ( )  are computed by Kraken [18] in this letter. The mode amplitude vector
where the subscript denotes the mode number and the superscript``T'' denotes the matrix transpose, can be expressed as [16, 17] 
where
, is the mode propagation matrix assuming range-independent or adiabatic modes between ranges 2 r and 1 r , and
is the mode attenuation of the background ocean waveguide, respectively.
is the mode-coupling matrix which is caused by the horizontal inhomogeneity, such as NLIW, between 1 r and 2 r [16, 17] . Mode-coupling effects introduce many additional components in AISs [13] which results in the distortion of the AISs. [16] and assuming that the phase change of diagonal elements in mode-coupling matrix caused by horizontal inhomogeneity can also be neglected, the random mode-coupling matrix Λ has the following form:
where mn  is the element of the nth column in the mth row of Λ , m a and 0  are positive numbers, mn  is the Kronecker function,
when n m  , and m a and 0  are used to adjust the strength of mode coupling. We introduce the imaginary unit in front of 0  in Eq. (3) so that the mathematic form of the random mode-coupling matrix is closer to the first-order expansion form of the mode-coupling matrix [16] .
Generally, normal modes of adjacent numbers are more easily coupled with each other, so the coupling matrix often has a band structure [13] .
This structure is ignored in the above random mode-coupling matrix model, and the values of non-diagonal elements in Λ are independent of each other. Then, Eq. (2) can be rewritten as
where mode coupling occurs at I r ; see Fig 1 (a) .
Using random mode-coupling matrix to model the mode-coupling effect caused by horizontal inhomogeneity, 10000 training samples are generated efficiently. In the process of training the U-Net, distorted AISs are the inputs of the U-Net and the corresponding AISs are the labels.
The details of training data preparation, architecture of the U-Net and training process are shown in the supplement material [20] . In the next section, only the results of AIS recovery by the trained U-Net are discussed. The results of AIS recovery by a trained VGG-based convolutional neural network are also shown in the supplement material [20] to indicate that AIS recovery can be achieved by other neural networks too.
Results of AIS recovery by U-Net
In this section, the U-Net, which recovers AISs from distorted ones, is tested. The schematic diagram of background test environment is shown in Fig 1(a) [20] , which is reproduced here as Fig 1(b Rect--NLIW. The Sech--NLIW is a NLIW whose shape satisfies
where 0  and L determine the amplitude and width of the Sech--NLIW.
Rect--NLIW is a NLIW whose shape is rectangular with amplitude 0  and half-width w . These two types of NLIW are chosen only for analytical convenience, just like James et al. [22] did. During the test, signal to noise ratio (SNR) is 10 dB,
. SNR is defined by Eq. (3s) in the supplement material [20] . The sound speed profiles of the NLIWs are shown in Fig 1 (c) and (d) . The lower-left corner of Fig 2 (a) shows a test sample where km 35  S r , and no striation pattern can be found from the distorted AIS. The lower right corner and the lower center of Fig 2(a) show the corresponding recovered AIS and the corresponding label, respectively. It is found that the recovered AIS is very similar to the label. In Fig 2(b) ,
represent the corresponding normalized β distributions of the distorted AIS, the recovered AIS and the label, respectively. Many peaks are observed in
because of mode coupling, and the distribution is too blurred to determine the β value of the background environment in this case.
However,
, and there is only one peak at β =1.5, which indicates that the U-Net has been capable of recovering AIS.
Given that the waveguide invariant β=1.5, according to the slope of the recovered AIS, one can range the source by the equation below [9] f
where Hz 700  f is the central frequency and f r   / is the inverse of the slope of the recovered AIS, see Fig 2(a) . Fig 2(c) 
   10 10 ) ( 20 When Sech-NLIW is replaced by Rech-NLIW, as shown in the last two rows of Fig 3, similar results can be obtained, which indicates that AIS recovery by the U-Net is insensitive to the shape of the NLIW and proves the effectiveness of random mode-coupling matrix model. As shown in the last row of Fig 3, as the amplitude and width of the Rech-NLIW increase, R C tends to decrease. This is because with the increasing of amplitude and width of the Rect-NLIW, the variation of``adiabatic'' mode dispersion caused by the NLIW cannot be neglected, and a detailed discussion is given in section 4 in the supplement material [19] .
Conclusion
In the letter, a U-Net is trained to realize AIS recovery. To reduce the 
